The H2A.Z histone variant, a genome-wide hallmark of permissive chromatin, is 2 enriched near transcription start sites in all eukaryotes. H2A.Z is deposited by the 3 SWR1 chromatin remodeler and evicted by unclear mechanisms. We tracked H2A.Z in 4 living yeast at single-molecule resolution, and found that H2A.Z eviction is dependent 5 on RNA Polymerase II (Pol II) and the Kin28/Cdk7 kinase, which phosphorylates Serine 6 5 of heptapeptide repeats on the carboxy-terminal domain of the largest Pol II subunit 7
Introduction 14
The H2A.Z variant of canonical histone H2A serves as a key chromatin constituent of 15 the epigenome, providing a unique nucleosome architecture and molecular signature for 16 eukaryotic gene transcription and other chromosome activities (Weber and Henikoff, 17 2014) . H2A.Z is enriched at most promoters and enhancers genome-wide, and plays a 18 role in establishing a permissive chromatin state for regulated transcription (Weber and 19 Henikoff, 2014). H2A.Z is incorporated in nucleosomes flanking DNase hypersensitive, 20 nucleosome-depleted regions (NDRs), especially at the so-called '+1 nucleosome' 21 overlapping with or immediately downstream of the transcription start site (TSS) (Albert 22 et al., 2007; Weber and Henikoff, 2014) . The deposition of H2A.Z in budding yeast is 23 catalyzed by the conserved SWR1 chromatin remodeling complex in an ATP-dependent 24 reaction involving exchange of nucleosomal H2A-H2B for H2A.Z-H2B dimers 25 (Mizuguchi et al., 2004) . 26 27 Genome-wide studies have shown that compared to nucleosomes in the gene body, the 28 +1 nucleosome undergoes higher turnover, which is not correlated with the level of 29 mRNA transcription by Pol II (Dion et al., 2007; Grimaldi et al., 2014; Rufiange et al., 30 2007) . Thus, the disruptive passage of Pol II through +1 nucleosomes during infrequent 31 mRNA transcription is unlikely to account for H2A.Z eviction on a global scale. 32
Biochemical studies have suggested that yeast H2A.Z eviction could be due to 33 chromatin remodeling in reverse mediated by SWR1 itself (Watanabe et al., 2013) or 34 the related INO80 remodeler (Papamichos-Chronakis et al., 2011), but other studies 35 found no supporting evidence . Alternatively, genome-wide assembly of the transcription pre-initiation complex (PIC) has been proposed to evict H2A.Z, but 37
the key event in this multistep process remains elusive (Tramantano et al., 2016) . To 38 determine the dominant mechanism of H2A.Z turnover after incorporation, we took an 39 independent approach using single-particle tracking that directly measures the levels of 40 chromatin-free and bound H2A.Z in the physiological environment of living yeast cells, 41 in wild type and conditional mutants for histone eviction. 42 43 Single-particle tracking (SPT) of fluorescently tagged proteins in live cells has emerged 44 as a robust imaging technique to determine kinetic behaviors of protein factors (Elf and 45 Barkefors, 2018; Liu and Tjian, 2018) . For chromatin-interacting proteins, SPT is 46 complementary to genome-wide chromatin immunoprecipitation-DNA sequencing 47 technologies (ChIP-seq) without the general caveats of chemical fixation and chromatin 48 manipulations. SPT directly measures the fast-diffusing, chromatin-free population as 49 well as the quasi-immobile, chromatin-bound fraction tracking with macroscopic 50 chromosome movements (Liu and Tjian, 2018; Taddei and Gasser, 2012) . 51 52 Results 53 We fused the self-labeling HaloTag to H2A.Z, H2B, and Swr1 (the catalytic subunit of 54 the SWR1 complex) for sole source expression under native promoter control and 55 validated the function of these fusion constructs ( S1.1B, C), and movies of single molecules were recorded at high temporal resolution 58
(10 ms exposure) in live cells (Rust et al., 2006 ) (Movies S1-6). Single molecule 59 trajectories (n>1000 and ≥6 frames for each trajectory) were obtained from over 50 60 yeast cells for each strain. The data is presented as histograms of particle frequency 61 over the diffusion coefficient (log D) extracted from mean squared displacements (MSD) 62 ( Fig. 1 A-D, and methods). For a more robust quantitation of diffusive populations, we 63 also applied a kinetic modeling approach ('Spot-On') based on single particle 64 displacements (Hansen et al., 2018) ( Fig. 1E, F) . We performed Spot-On analysis on 65 single-molecule trajectories (≥3 frames), cite Spot-On values for chromatin-bound and 66 chromatin-free fractions in the text, and provide results from both Spot-On and MSD 67 analyses in all figures. 68
The SPT profiles for H2A.Z and H2B were best fitted by a simple model 69 comprised of two diffusive populations-a major, slow-diffusing chromatin-bound 70 fraction (H2A.Z: 82%, H2B: 76%, average D: 0.03 µm 2 s -1 ), and a minor, fast-diffusing 71 chromatin-free fraction (H2A.Z: 1.18 µm 2 s -1 , H2B: 1.29 µm 2 s -1 ) ( H2B was also consistent with that of mammalian H2B (0.02 µm 2 s -1 ) in a previous report 76 (Hansen et al., 2018) . The 'free' H2A.Z fraction represents soluble H2A.Z-H2B dimers 77 biochemically associated with histone chaperones, in addition to a minor population in 78 complex with the ~1 MDa SWR1 complex (Luk et al., 2007) . We observed similar 79 frequencies of chromatin-bound and free H2A.Z in cells growing synchronously after 80 release from G1 arrest into S phase ( Fig. S1 .
3). 81
In contrast to the steady-state behaviors of the histones, the SWR1 complex (Swr1-Halo 83 subunit) showed more chromatin-free diffusion. In addition, deletion of Swc2, a key 84 subunit involved in the recruitment of SWR1 to gene promoters (Ranjan et al., 2013) , 85 substantially reduced the chromatin-bound fraction from 47% to 21% (Fig. 1C , D, F). 86 (Our imaging regime captures both stable and transiently bound SWR1 in the slow-87 diffusing population; the remaining 21% of slow molecules for the swc2∆ mutant may be 88 largely attributed to transient binding). With these validations, we proceeded to 89 investigate regulators of H2A.Z dynamics, based on the fractional changes in 90 chromatin-bound and free H2A.Z. Notably, while the aforementioned labeling of 91
HaloTag was adequately conducted with the JF646 dye, a superior flurophore JF552 92 became available in the course of this work, prompting its use in subsequent 93 experiments for improved signal to noise (Zheng et al., 2019) . (Fig. S1.1F ). 94
95
The steady-state chromatin occupancy for H2A.Z is a function of competing deposition 96 and eviction pathways. To highlight H2A.Z eviction in live cells, we blocked the H2A.Z 97 incorporation pathway at gene promoters by conditional 'anchor-away' (AA) depletion of 98 the Swc5 subunit, which is not required for Swr1 recruitment ( histones in biochemical assays (Lorch et al., 1987) , providing a mechanism for H2A.Z 201 turnover at the +1 nucleosome in the process of transcription through protein-coding 202 regions. We propose a similar mechanism for genes that do not engage in productive 203 transcription of mRNA, but exhibit genome-wide, constitutive transcription of noncoding 204
RNAs which are prematurely terminated by the Nrd1-Nab3-Sen1 pathway in budding is filled by histone chaperone-mediated deposition of canonical histones to reform an 362 H2A-containing +1 nucleosome, which is positioned by chromatin remodelers and 363 sequence-specific transcription factors, maintaining the NDR. This recruits SWR1 which is activated upon recognition of H2A-nucleosome and H2A.Z-H2B dimer substrates to 365 activate one or two rounds of H2A.Z deposition. See text for discussion. 366 Table   368 Movie S1: H2A.Z-Halo imaged in wild type cells. Single molecules from four nuclei are 369 observed. Strains and plasmids used for anchor-away studies were obtained from Euroscarf. The 405 transporter gene PDR5 was deleted in all strains for retention of HTL-dye conjugate in 406 live yeast cells. Strain genotypes are listed in Table 1 . supplemented with 40 mg/L adenine hemisulfate. The JF646-HaloTag ligand was 419 synthesized as previously described (Grimm et al., 2015) . The new JF552 dye has a 420 higher signal to noise ratio and is more photostable than JF646. The JF552 dye is a 421 modification of JF549, with similar brightness, but enhanced cell permeability that allows 422 its use for SPT in yeast (Zheng et al., 2019) . For in vivo labeling, early log phase cells 423 (O.D 600 0.2) were labeled with JF-HaloTag ligand (10 nM for JF646 and 20 nM for 424 JF552) for two hours at 30 degrees in suspension culture. Cells were washed four times 425 with CSM to remove free dye. 426
List of Supplementary Movies and
Prior to use, 0.17 mm coverslips (Ø 25 mm, Electron Microscopy Services) were flamed 428 to remove punctuated surface auto-fluorescence and to suppress dye binding, and 429 coated with Concanvalin A (2 mg/ml) for 30 min at room temperature, and air-dried for 430 one hour. Coverslips were assembled in a Ø 35 mm Attofluor chamber (Invitrogen). A 1 431 ml cell suspension was immobilized for 10 minutes and live cells were imaged in CSM 432 media at room temperature. For anchor away experiments, rapamycin (1 µg/ml) was 433 added one hour prior to imaging, and cells were imaged in the presence of rapamycin. 434 435
Cell cycle synchronization 436
Cells were synchronized in G1 by adding α factor for 2 hours (3 µg/ml at 0 min and 437 additional 2 and 1 µg/ml at 60 and 90 minute respectively). High autofluoresence did not 438 allow SMT in presence of α factor, which was removed by replacing culture medium. 439
Cells released from G1 at room temperature took 40 minutes to enter S phase. Both for 440
Pre-S and S phase SMT, cells were stained and synchronized in suspension culture 441 and immobilized right before SMT. 442 443
Wide-field single molecule Imaging with epi-Illumination microscope 444
Single-molecule imaging was conducted on a Zeiss Observer Z1 microscope with a 445 
Image acquisition 464
Images were obtained using either 637-nm laser (JF646) or 555-nm laser (JF552), of 465 excitation intensity ~1KW/cm 2 and for each field of view ~7000 frames were captured. 466
Single molecules were tracked using DiaTrack Version 3.05 software, with the following 467 settings; remove blur 0.1, remove dim 70-100, maximum jump 6 pixels. Single molecule 468 images were collected after pre-bleach of initial intense fluorescence (glow). While 469 imaging with JF646, a 405-nm laser excitation (1-10mW/cm 2 , TTL pulses 2-5 ms per 470 frame) was triggered to maintain single fluorophore detection density. Immobilized cells 471 in CSM media were imaged over a 90-minute imaging session. 472
Analysis of single-molecule images 474
Movies with two dimensional single molecule data were analyzed by DiaTrack Version 475 3.05 (Vallotton and Olivier, 2013) , which determines the precise position of single 476 molecules by Gaussian intensity fitting and assembles particle trajectories over multiple 477 frames. In Diatrack remove blur was set to 0.1, remove dim set at 70 and max jump set 478 at 5 pixels, where each pixel was 107 nm. Trajectory data exported from Diatrack was 479 further analyzed by a custom computational package 'Sojourner' (by S.L.). The package 480 is available on Github (https://rdrr.io/github/sheng-liu/sojourner/). The Mean Squared 481 Displacement (MSD) was calculated for all trajectories 6 frames or longer. Diffusion 482 coefficients for individual molecules were calculated by unconstrained linear fit (R 2 > 0.8) 483
of the MSD values computed for time lags ranging from 2 dt to 5 dt, where dt = 10 ms is 484 the time interval between frames, and slope of linear fit was divided by 4 (pre-factor for 485 2-dimensional brownian motion) (Qian et al., 1991) . The histogram of log converted 486 diffusion coefficients was fitted with double gaussian function from the 'mixtools' 487 package (Benaglia et al., 2009 ) to estimate the fraction of chromatin-bound molecules 488 (mean range between 0.050 -0.112 µm 2 s -1 ). Standard error on the mean of each 489 gaussian fit parameter was estimated using a bootstrap resampling approach (Efron, 490 1979) . 491
492
The Spot-On analysis was performed on trajectories three frames or longer using the 493 web-interface https://spoton.berkeley.edu/ (Hansen et al., 2018) . The bound fractions 494 and diffusion coefficients were extracted from the CDF of observed displacements over 495 different time intervals. For Brownian motion in two dimensions, the probability that a particle starting from origin will be found within a circle of radius r at time interval ∆ is 497 given as follows. 498
where D is diffusion coefficient. In Spot-On, the cumulative displacement histograms 499 were fitted with a 2-state model. 500
where F1 and F2 are bound and free fractions, is single molecule localization error, 501 D1 and D2 are diffusion coefficients of bound and free fractions, and !"## is correction 502 factor for fast molecules moving out of axial detection range (Hansen et al. 2018 ). The 503 axial detection range for JF646 on our setup is 650 nm. The following settings were 504 used on the Spot-On web interface: bin width 0.01, number of time points 6, jumps to 505 consider 4, use entire trajectories-No, Max jump (µm) 1.2. For model fitting the following 506 parameters were selected: D bound (µm 2 /s) min 0.001 max 0.1, D free (µm 2 /s) min 0.15 507 max 5, F bound min 0 max 1, Localization error (µm)-Fit from data-Yes min 0.01 max 0.1, 508 dZ (µm) 0.65 for JF646 and dZ 0.6 for JF552, Use Z correction-Yes, Model Fit CDF, 509
Iterations 3. 510
